Animal models have been useful in elucidating the genetic basis of the cognitive and behavioural phenotypes associated with the 22q11.2 microdeletions. Loss-of-function models have implicated a number of genes as playing a role in prepulse inhibition (PPI) of the startle response. Here, we report the generation and initial analysis of bacterial artificial chromosome (BAC) transgenic (Tg) mice, overexpressing genes from within the 22q11.2 locus. We used engineered BAC constructs to generate Tg lines and quantitative RT-PCR to assess levels of gene expression in each line. We assessed PPI and open-field activity in mice from two low copy number lines. In Tg-1, a line overexpressing Prodh and Vpreb2, PPI was significantly increased at prepulse levels of 78 dB and 82 dB while no differences were found in activity measures. By contrast, no significant differences were found in PPI testing of the Tg-2 line overexpressing Zdhhc8, Ranbp1, Htf9c, T10, Arvcf and Comt. Taken together with previous loss-of-function reports, these findings suggest that Prodh has a key role in modulating the degree of sensorimotor gating in mice and possibly in humans and provide additional support for an important role of this pathway in modulating behavioural deficits associated with genomic gains or losses at 22q11.2.
Introduction
Genetic studies in humans, complemented by analysis of animal models, have identified a subset of genes and related pathways as contributing to the 22q11.2-associated psychiatric and cognitive phenotypes (Gothelf et al. 2005; Liu et al. 2002; Mukai et al. 2004 Mukai et al. , 2008 Paterlini et al. 2005; Raux et al. 2007; Stark et al. 2008) . Analysis of loss-of-function phenotypes in mice has had a central role in the discovery of these genetic contributions. However, with a few exceptions (Funke et al. 2001; Hiroi et al. 2005) , gain-of-function phenotypes are still largely unexplored. There are two reasons why the phenotypic consequences of increased dosage of 22q11.2 genes are of interest. First, loss-offunction analysis does not necessarily identify all the genes in the pathway under study (Heintz, 2001 ).
Second, in addition to microdeletions, reciprocal microduplications of the 22q11.2 locus result in behavioural problems such as hyperactivity, learning disability, speech problems, and aggressive behaviours (Alberti et al. 2007; Mukaddes & Herguner, 2007) and have been described recently in children with autism (Marshall et al. 2008) . Notably, while 22q11.2 microdeletions are extremely rare among healthy individuals, 22q11.2 microduplications are observed in healthy control samples at higher frequencies suggesting that they have lower penetrance (de la Rochebrochard et al. 2006; Yobb et al. 2005) . Here, we report initial results from our behavioural analysis of GFP-tagged transgenic (Tg) bacterial artificial chromosome (BAC) lines overexpressing different genes from within the region of mouse chromosome 16 that is syntenic to the human chromosome 22q11.2 deletion region, including a number of genes previously implicated in the psychiatric and cognitive symptoms associated with 22q11.2 microdeletions. Our findings suggest that Prodh has a key role in controlling the degree of sensorimotor gating in mice and provide additional support for an important role of this pathway in modulating behavioural deficits associated with genomic gains or losses at 22q11.2.
Methods

Generation of BAC Tg mice
Mice were generated in collaboration with the Gene Expression Nervous System Atlas (GENSAT) project, NINDS contract no. N01NS02331 to Rockefeller University (New York, NY). We generated three BAC Tg lines, each modified so that EGFP was expressed in place of the Dgcr6, Dgcr8, and Prodh genes in each of the respective (Tg-1, Tg-2, Tg-3) BAC lines. Detailed methods describing the generation of BAC mice can be found on the GENSAT website (www.gensat.org). Briefly, a y500 bp 'targeting ' sequence (A-box) was generated by PCR using selected primers for each of the genes (Dgcr6, Dgcr8, Prodh). This A-box was then amplified from an appropriate BAC and cloned into a shuttle vector (PLD53SCI). The vector was then transformed into the BAC via the A-box targeting sequence. Cells containing the co-integrated BAC were grown in selective media to facilitate excision of the plasmid backbone from the BAC via recombination through duplicated GFP genes. The 'resolved' clones were then screened by PCR and pulsed-field gel electrophoresis. Resolved BAC clones were then microinjected into oocytes to create Tg mice.
Genotyping of BAC Tg mice
Maintenance of the BAC Tg lines was performed by PCR genotyping of mouse tail DNA. Tail DNA was prepared using a Puregene kit (Gentra Systems, USA) according to the manufacturer's instructions. PCR primers based on a Jackson Laboratory protocol (www.jax.org) were used to detect GFP. Primers IMR0042 : 5k-CTA GGC CAC AGA ATT GAA AGA TCT-3k and IMR0043: 5k-GTA GGT GGA AAT TCT AGC ATC ATC C-3k led to the generation of a 173-bp GFP PCR product. Primers IMR0872: 5k-AAG TTC ATC TGC ACC ACC G-3k and IMR1416: 5k-TCC TTG AAG AAG ATG GTG CG-3k led to the generation of a 324-bp IL-2 control band. PCR cycling conditions used were : 94 xC for 1.5 min ; then 94 xC for 30 s, 60 xC for 1 min, and 72 xC for 1 min, for 35 cycles ; then 72 xC for 2 min, and then 4 xC.
Quantitative RT-PCR (qRT-PCR)
Total brain RNA was prepared from BAC Tg mice and their corresponding wild-type (WT) littermates (Tg-1 line : 6 Tg, 6 WT; Tg-2 line : 5 Tg, 5 WT; Tg-3 line : 4 Tg, 4 WT) using Trizol (Invitrogen, USA) according to the manufacturer's instructions. RNA was then cleaned using a RNeasy kit (Qiagen, USA) and subjected to DNAase digestion using the DNA-free kit (Ambion, USA). RNA was reverse transcribed using Superscript II reverse transcriptase (Invitrogen) according to the company manuals. Five microlitres of the resulting cDNA from each sample was pooled as the template for the qRT-PCR standard curve. The rest of the cDNA was diluted 1 :15 before preparing the qRT-PCR reaction. qRT-PCR was conducted using the ABI Taqman method. All PCR primers and Taqman probes were designed at two websites (https://www.genscript. com/ssl-bin/app/primer and http://frodo.wi.mit. edu/cgi-bin/primer3/primer3_www.cgi) and purchased from Sigma Genosys (Sigma-Aldrich, USA). For Prodh, the primers used were 5k-GCC TTT GGT GTT GGC TTT AT-3k and 5k-TTA TTT GCT CCA CTG CCA TC-3k ; the probe used was 5k-TCT CTT TGC GCT CCG CCT CC-3k. For Dgcr6, the primers used were 5k-GAA CGG TGT TTG AAA TCG TG-3k and 5k-TCT TGC TGA GCA CTC GGT GT-3k; the probe used was 5k-CAA CCA GAG ACT GCG GCT GCA-3k. For Rtn4r, the primers used were 5k-ACC CTC CTG GAG CAA CTA GA-3k and 5k-CTG CAG AGC TGC TAG TCC AC-3k; the probe used was 5k-CCC TAC CAC GTT CCA CGG CC-3k. For Zdhhc8, the primers used were 5k-GGT CAA CAA CTG CAT TGG AC-3k and 5k-CAT GAC AGC CAT GGT GAT G-3k; the probe used was 5k-TCA CTC AGC GCG CAC ATG GT-3k. For Comt, the primers used were 5k-GCC TAC AGG ACA AAG TTT CCA-3k and 5k-CAC ATA CGC CAG GAA GTC AG; the probe used was 5k-CTT GCG CAG CAG GCC ACA TT-3k. All target gene probes were 5k-FAM and 3k-BHQ TM -1 dually labelled. Mouse glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA was used as the endogenous control. The Gapdh gene probe was 5k-JOE TM and 3k-BHQ TM -1 dually labelled. For each sample, a duplex PCR reaction was set up containing a target gene primer probe set and a Gapdh primer probe set. There were 3-5 replicate PCR reactions conducted for each sample. The reactions were incubated in a 96-well plate at 95 xC for 10 min, followed by 45 cycles of 95 xC for 15 s and 60 xC for 1 min on an Applied Biosystems 7500 Sequence Detection System (Applied Biosystems, USA). The relative quantities of gene expression were obtained according to the standard curve methods of the ABI company manual (Applied Biosystems). The expression value of the target gene in each well was first normalized by the expression value of the Gapdh gene in the same well. The mean of 3-6 biological samples was used to represent the relative quantity of the target gene. A Student's t test was conducted to determine the significance between the Tg mice and their WT littermates. Values shown represent the means¡S.E.M., normalized relative to WT values representing a value of 1.
Mouse phenotyping
Behavioural assays were performed on BAC Tg mice and their WT littermates at the N2 backcross generation on a mixed background of FVB/NrSWr C57BL/6 J. Mice were tested at age 6 wk. Grouphoused mice were individually housed 1 wk prior to testing. All animal procedures were performed according to protocols approved by the Institutional Animal Care and Use Committees established by Rockefeller and Columbia Universities under federal and state regulations. Statistical analysis was carried out using StatView (SAS Institute, USA). All data are shown as means¡S.E.M. For open-field measures, data were analysed using Student's t tests. For prepulse inhibition (PPI) and startle analysis, we used repeatedmeasures ANOVA, followed by a post-hoc Fisher's PLSD test where appropriate. Values of p<0.05 were considered as significant.
Open-field activity
Mouse activity was monitored in a clear illuminated acrylic chamber equipped with infrared sensors to automatically record horizontal and vertical activity (Colbourn Instruments, USA). The mouse arena had inside dimensions of 10 in. (25.40 cm) wide by 10 in. (40.64 cm) high. The sensors were placed 0.6 in.
(1.52 cm) apart, thus providing a 0.3-in. (0.76 cm) spatial resolution. Each mouse was initially placed in the centre of the chamber and its activity was automatically recorded in 1-min bins for 15 min. The floors of the open field were cleaned with 70 % ethanol between mice. Open-field testing took place on a total of 18 Tg-1 mice and 10 WT littermates, as well as 23 Tg-2 mice and 19 WT littermates. We examined total distance travelled, rearings, margin distance travelled, centre distance travelled, number of centre entries, and time spent in the centre and margins of the open field. In all cases, we did not find any significant sexrgenotype interactions (all p>0.05), therefore the data from both sexes were pooled.
PPI of the acoustic startle response
Testing was carried out in a SR-Lab system (San Diego Instruments, USA). Each mouse was placed in a startle chamber and allowed a 5-min acclimation period, during which background noise (67 dB) was continually present. Each mouse then received 10 sets of the following five trial types distributed pseudorandomly and separated out by an average of 15-s inter-trial intervals. Trial 1: 40 ms, 120 dB noise burst alone ; trials 2-4 : 120 dB startle stimuli preceded (by 100 ms) by a 20-ms, 78-, 82-or 90-dB noise burst (prepulse) ; trial 5 : no stimulus, background noise alone (67 dB). Response amplitude was calculated as the maximum response level during the 100-ms recording. Percent PPI was calculated as: 100 -[(startle response of acoustic startle from acoustic prepulse and startle stimulus trials/startle response alone trials)r100].
Startle response alone trials were also used to calculate the maximum startle responses. No significant differences were found between sexes and therefore both sexes were pooled. Twenty-four Tg-1 mice and 15 WT littermates, as well as 22 Tg-2 mice and 15 WT littermates were tested.
Results
We focused on three BAC Tg lines generated in the context of the GENSAT project. These lines carry modified BAC constructs engineered so that endogenous coding sequences are replaced by sequences encoding the EGFP (enhanced green fluorescent protein) reporter gene. BACs RP23-274P7, RP23-55L18, and RP23-220J9 were each modified so that EGFP was expressed in place of the Dgcr6, Dgcr8, and Prodh genes in each of the respective (Tg-1, Tg-2, Tg-3) BAC lines ( Fig. 1 a, b) . The EGFP expression pattern for each of these lines, which grossly matches the in-situ expression patterns of the endogenous Dgcr6, Dgcr8, and Prodh genes, has been previously characterized and reported at the GENSAT website (www.gensat.org). To verify that genes introduced into the Tg mice via the BAC constructs were indeed being overexpressed and to estimate the level of overexpression, we used total brain RNA to quantify, via qRT-PCR, the level of expression of a subset of genes located within the BAC constructs in all three lines (Fig. 1c) . Overall, five genes were sampled from the three Tg lines. We measured Prodh levels in the Tg-1 mouse line, Zdhhc8 and Comt levels in the Tg-2 line, and Dgcr6 and Rtn4r levels in the Tg-3 line. In the Tg-1 line, we found Prodh levels to be increased over WT littermates (t test : t=5.51, p= 0.0027) by a factor of 2.6-fold. In the Tg-2 line, we found Comt levels to be increased by 2.3-fold (t=13.94, p=0.0008) and Zdhhc8 levels by 2.2-fold over WT littermates (t=15.05, p=0.0001). Finally, in the Tg-3 line, both Dgcr6 and Rtn4r were also consistently overexpressed, by 5.7-fold (t=6.16, p=0.0086) and by 6.1-fold (t=9.94, p=0.0022), respectively. As expected, in control experiments we found no differences in Prodh expression between Tg-3 mice and their WT littermates (t=1.55, p=0.2199). Thus, Tg-3 appears to be a high copy number transgene resulting in supraphysiological levels of expression of the introduced genes. By contrast, Tg-1 and Tg-2 lines result in near physiological increases in the levels of expression of the introduced genes and therefore we report results from only these two lines. DGCR6  PRODH  DGCR2  STK22B  ES2EL  GSCL  SLC25A1  CLTCL1  HIRA  MRPL40  UFD1L  CDC45L  CLDN5  SEPT5  GP1BB  TBX1  GNB1L  TXNRD2  COMT  ARVCF   T10  DGCR8  HTF9C  RANBP1  ZDHHC8  RTN4R  RRODH-P  DGCR6- Prodh is expressed at 2.6-fold over wild-type (WT) levels in Tg-1 mice. Comt and Zdhhc8 are expressed at 2.3-and 2.2-fold, respectively, over WT levels in Tg-2 mice. Dgcr6 and Rtn4r are both overexpressed in Tg-3 mice (5.7-fold and 6.1-fold over WT levels, respectively), whereas Prodh levels remain the same as WT. Data are shown as means¡S.E.M. (** p<0.01, *** p<0.001).
As a first step towards determining the effect of overexpression of the introduced genes on behaviours relevant to human psychiatric disorders, we assayed PPI of an acoustic startle response, a measure of preattentive processing and a widely studied endophenotype of several psychiatric and neurological disorders (Gogos et al. 1999) , including autism (Perry et al. 2007) . In relation to this locus, previous studies in humans have established that individuals with the 22q11.2 microdeletion have deficits in PPI (Sobin et al. 2005) and studies in animal models have identified several genes from this region that modulate PPI (Gogos et al. 1999; Kimber et al. 1999; Paterlini et al. 2005; Paylor et al. 2006; Stark et al. 2008) . Given that mouse models of the 22q11.2 microdeletion show hyperactivity in open-field assays , in parallel control experiments we also assayed locomotor activity in a novel open field.
In Tg-1 mice, which overexpress Prodh, there was an enhanced PPI effect, compared to WT littermates. A main effect of genotype was found [F(1, 37) Fisher's PLSD test revealed significant differences at prepulse levels of 78 db (p=0.0025) and 82 db (p= 0.0002) (Fig. 2 a) . There was no significant difference found at a prepulse of 90 db (p=0.1838). In addition, we found no significant genotypic differences in the amplitude of the startle response at 120 dB [F(1, 37)= 0.79, p=0.3807] (Fig. 2b) (Fig. 2 c) In Tg-2, we found no significant differences in PPI between Tg mice and their WT littermates [main effect of genotype : F(1, 35)=0.03, p=0.8569] (Fig. 2 d) . We also found no significant differences in the amplitude of the startle response at 120 dB [F(1, 35)=0.98, p= 0.3303] (Fig. 2 e) . Tg-2 mice showed significantly decreased overall activity in the open field, in terms of total distance travelled [t(40)=2.12, p=0.0401], as well as a trend for a decrease in the number of rearings [t(40)=2.00, p=0.0524] (Fig. 2f) 
Discussion
One marked finding of our initial gain-of-function analysis is the observation of increased PPI in mice from the Tg-1 line, which overexpress Prodh, as compared to their respective WT littermates. In Tg-2, the overexpression of eight genes within the 22q11.2 region, including Comt and Zdhhc8, did not lead to changes in PPI. In addition to Prodh, modified BAC RP23-274P7 only contains one more active gene, Vpreb2, which is expressed in pre-B lymphocytes and is involved in B-cell development (Dul et al. 1996) . The increased PPI in Tg-1 is of note, especially in light of previous reports indicating that loss-of-function of Prodh results in a reduction in PPI (Gogos et al. 1999) . Interestingly, while loss of function of Prodh results in hypoactivity, Tg-1 mice showed normal activity in the open field. Changes in sensorimotor gating in the absence of generalized changes in activity or anxiety underscore the specificity of the observed behavioural phenotype and indicate that the level of sensorimotor gating is sensitive to the levels and activity of Prodh. The mechanistic basis of this effect remains unknown but several lines of evidence suggest that PRODH, and its substrate, the neuromodulator L-proline, affects basic glutamate-mediated synaptic transmission and plasticity as well as dopaminergic transmission in the frontal cortex (Paterlini et al. 2005; Renick et al. 1999) . In summary, our findings strongly suggest that Prodh and its substrate L-proline have a key role in modulating the degree of sensorimotor gating in mice and possibly in humans and provide additional support for an important role of this pathway in modulating the penetrance and expression of behavioural and psychiatric deficits associated with copy number gains or losses at the 22q11.2 locus.
